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Src family tyrosine kinases respond to a variety of signals by regulating the organization of the actin cytoskeleton. Here, we show that
during early oogenesis Src64 mutations lead to uneven accumulation of cortical actin, defects in fusome formation, mislocalization of septins,
defective transport of Orb protein into the oocyte, and possible defects in cell division. Similar mutant phenotypes suggest that Src64, the
Tec29 tyrosine kinase, and the actin crosslinking protein Kelch act together to regulate actin crosslinking, much as they do later during ring
canal growth. Condensation of the oocyte chromatin into a compact karyosome is also defective in Src64, Tec29, and kelch mutants and in
mutants for spire and chickadee (profilin), genes that regulate actin polymerization. These data, along with changes in G-actin accumulation
in the oocyte nucleus, suggest that Src64 is involved in a nuclear actin function during karyosome condensation. Our results indicate that
Src64 regulates actin dynamics at multiple stages of oogenesis.
D 2005 Elsevier Inc. All rights reserved.Keywords: Actin; Btk29A; SFK; Src64BIntroduction
The Src family of nonreceptor tyrosine kinases play
important roles in both normal cell physiology and
oncogenic transformations (reviewed in Frame, 2002).
Src family kinases (SFKs) phosphorylate multiple sub-
strates involved in cellular proliferation and differentiation,
and v-Src was the first identified oncogene (Collett and
Erikson, 1978; Levinson et al., 1978). Microinjection
studies showed that the inhibition of Src family products
blocks mitogenesis in response to growth factors (Roche et
al., 1995a; Twamley-Stein et al., 1993). In mammalian
fibroblasts, SFKs are transiently activated at mitosis and
are required for the G2–M transition (Roche et al., 1995b).
Src participates, not only in the early stages of mitosis,
but also in completion of cell division (Tominaga et al.,
2000).0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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cell morphology, cell adhesion, and the organization of
the actin cytoskeleton. Activated SFKs cause the loss of
focal adhesion, disrupt the actin cytoskeleton and lead to
a more rounded cell morphology (Boschek et al., 1981).
Src deficient mice suffer from a failure of osteoclast func-
tion caused by defects in the actin cytoskeleton (Boyce et
al., 1992; Schwartzberg et al., 1997). SFK substrates
include many cytoskeletal regulators (Brown and Cooper,
1996).
For successful function, the organization of the actin
cytoskeleton must be finely balanced. Its assembly requires
polymerization of actin monomers (G-actin) into filaments
(F-actin), with their subsequent superorganization by cross-
linking into filamentous networks (reviewed in Hudson and
Cooley, 2002; Schmidt and Hall, 1998). Dynamic rearrange-
ments of the cytoskeletal network require rapid intercon-
versions between these actin pools. In addition, actin
remodeling must be triggered at the correct times and
tightly regulated by a large number of actin-binding and
associated proteins.284 (2005) 143 – 156
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most intensively studied, there is growing evidence that
actin also plays an essential role in the nucleus. In particular,
recent studies have identified actin functions in nuclear
processes ranging from chromatin remodeling to splicing
(reviewed in Bettinger et al., 2004; Olave et al., 2002).
Actin accumulates in nuclei of cells treated with the nuclear
export inhibitor leptomycin B, suggesting that actin
normally shuttles between nucleus and cytoplasm (Wada
et al., 1998). Moreover, not only is actin present in the
nucleus, many kinds of actin-binding proteins have also
been found there (Bettinger et al., 2004). Finally, actin has
been identified as an integral part of several conserved
chromatin remodeling complexes and is required for ATP-
dependent chromatin remodeling, at least for the yeast
INO80 complex (Shen et al., 2003).
Drosophila oogenesis provides a valuable model to study
the regulation of actin dynamics in the cytoskeleton.
Oogenesis is initiated in region 1 of the germarium, the
most anterior part of ovariole, when a germline cystoblast
divides four times to give rise to a cyst of 15 nurse cells and
a posteriorly placed oocyte (reviewed by Deng and Lin,
2001). Regions 1 and 2A of the germarium are the only
regions of mitotic activity in the germline. Cytokinesis
during these divisions is incomplete: the 16 cells of the cyst
remain interconnected by cytoplasmic bridges. Actin-based
ring canals form at the sites of the arrested cleavage furrow
and keep the intercellular bridges open, thereby allowing
transport of proteins, RNAs, and at later stages bulk
cytoplasm from the nurse cells into the oocyte (reviewed
in Hudson and Cooley, 2002). A cytoskeletal, adducin- and
spectrin-rich structure called the fusome extends through the
ring canals and connects the cells of the early cyst. It is
required for the regulation of cell divisions and for oocyte
determination (de Cuevas et al., 1996; Lin and Spradling,
1995; Lin et al., 1994). By the time an egg chamber is
pinched off the posterior end of the germarium, a somatic
follicular cell epithelium surrounds the germline cyst and
plays an important role in the coordination and control of
cell interactions during oogenesis.
Recent studies of the Src64 tyrosine kinase, one of two
known Drosophila Src family kinases, support the role of
these kinases in regulating the actin cytoskeleton. The
nascent ring canals mature by sequentially recruiting several
proteins. In addition to abundant F-actin, these include the
actin crosslinking proteins filamin, the Hts ring canal
protein, and Kelch, as well as Src64 and its downstream
target Tec29 tyrosine kinase (reviewed in Hudson and
Cooley, 2002). Mutations in Src64 and Tec29 lead to lack of
ring-canal phosphotyrosine and inhibition of ring canal
growth (Dodson et al., 1998; Guarnieri et al., 1998; Lu et
al., 2004; Robinson et al., 1994; Roulier et al., 1998). A
recent report has extended these results by showing that
Src64-dependent phosphorylation regulates Kelch cross-
linking of actin filaments (Kelso et al., 2002). Src64 and
Tec29 are also required for microfilament contraction duringcellularization in blastoderm embryos (Thomas and Wie-
schaus, 2004).
Our results reveal wider roles for Src64 in Drosophila
oogenesis, including growth of the fusome, septin local-
ization, microtubule-dependent transport to the oocyte, and
karyosome formation. Our data suggest that Src64 mediates
these processes by regulating actin reorganization. Mutations
in several genes involved in actin polymerization or cross-
linking caused a similar range of defects. These results
indicate that Src64 acts as a frequent regulator of actin
reorganization during oogenesis.Results
Mutations in Src64 and Tec29 disrupt ovarian development
We found that several alleles of Src64 and Tec29 cause
multiple anomalies in oogenesis that are not the direct
consequence of ring canal defects. These anomalies include
the fusion of neighboring egg chambers (5–35% depending
on allele and temperature, for details see Supplemental
information in the Appendix A), oocyte mislocalization,
changes in the shape and morphology of the egg chambers,
and apoptosis (Figs. 1B, C). In rare cases, we also saw
compound egg chambers that contained two germline cysts
within a single layer of follicle cells. Compound egg
chambers have 32 germline cells and can be distinguished
from egg chambers with an extra cystoblast division by the
presence of two oocytes, each with four ring canals (Fig.
1D, arrowheads). Compound egg chambers like these might
result from improper cell –cell signaling or adhesion
between germline and somatic cells. Src64 germline clones
demonstrated the same phenotypes, suggesting that Src64
acts in the germline. The spectrum of Src64 and Tec29
mutant phenotypes was quite similar. In addition, Src64 and
Tec29 interact genetically. Removal of one dose of Tec29
dominantly enhanced the ovarian defects in Src64 homo-
zygotes so that up to 70% of ovarioles contained abnormal
egg chambers (Figs. 1E, F). Since the Src64 and Tec29
kinases work together to regulate actin deposition in the
growing ring canals (Dodson et al., 1998; Guarnieri et al.,
1998; Roulier et al., 1998), our results suggested that the
non-ring canal phenotypes may also result from defects in
the actin cytoskeleton. Strengthening this suggestion, kelch
mutants shared many of the same phenotypes: fusion of
neighboring egg chambers (observed in 10–15% of
ovarioles), mislocalization of the oocyte, defects in cel-
lular shape and morphology, and occasional apoptosis
(Figs. 1G, H).
With these results in hand, we then looked for effects of
Src64 and Tec29 mutants on the organization of actin itself.
In both mutants, we observed multiple defects in filamen-
tous actin. As shown by phalloidin staining, F-actin was not
evenly distributed along cell membranes in mutant egg
chambers. In some places, it was barely detectable, at others,
Fig. 1. Oogenesis is disrupted in Src64, Tec29, and kelch mutants. (A and I) Wild-type ovaries. DNA here and in other figures was visualized with DAPI (blue)
and actin filaments with rhodamine phalloidin (red); anterior is oriented to the left. (B) Src64-mutant ovaries display a variety of phenotypes: apoptosis, fusion
of egg chambers, lack of stalk cells. (C) Tec29 germline clones show multiple oogenesis defects including improper actin cytoskeleton development. (D) A
fused egg chamber containing two sets of nurse cells and oocytes at each pole (arrowheads). (E, F) Reducing Tec29 dominantly enhances the Src64 mutant
phenotype. (G, H) Loss of kelch causes fusion of neighboring egg chambers, apoptosis, and lack of stalk cells. (K) In Src64 mutants, accumulation of cortical
actin is often abnormal. (J, F arrowhead) Occasionally, two nuclei can be found in a single cell in Src64 ovaries.
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caused abnormal cellular shape. In the presence of extra
actin filaments, cells were more round rather than the
normal angular shape (Fig. 1K). Furthermore, we often
found binucleate or multinucleate cells in Src64 and Tec29
mutants. The presence of two or more nuclei in a single cell
at stage 9–10 in Src64 mutants was reported earlier and was
proposed to result from the fusion of adjacent nurse cells
after degeneration of the cell membrane between them
(Dodson et al., 1998). However, we found binucleate cells
in morphologically normal egg chambers with regular actinfilament distribution (Figs. 1F arrowhead, J), and they were
present not just late, but at all stages of oogenesis. These
results suggest that at least some binucleate cells may arise
from a failure to complete cell division rather than from a
postmitotic cell fusion.
In addition to phalloidin, we used an anti-actin mono-
clonal antibody (clone C4, see Materials and methods) to
stain wild type, Src64-mutant or Tec29 GLC germaria.
Although Western blots and adsorption with purified actin
indicated that the monoclonal reacts specifically with
Drosophila actin (data not shown), it gave a very different
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more diffuse and often filled the cytoplasm, suggesting that
this antibody detects soluble, unpolymerized G-actin rather
than the filamentous F-actin detected by phalloidin staining.
A similar cytoplasmic pattern was detected by this antibody
in Drosophila embryos (Tseng and Hariharan, 2002). In
addition, G-actin gives a similar diffuse, cytoplasmic stain in
cultured fibroblasts (Cramer et al., 2002). For ease of
reference in the rest of this paper, we will refer to the pattern
detected by the C4 monoclonal as G-actin. In wild type
ovarioles, G-actin accumulated in germarial regions 1 and 2a,
which contain dividing stem cells and cystoblasts (Fig. 2A).
Later, in region 2b, we detected small bright dots in
cystocytes. Follicle cells also expressed G-actin as small
bright spots starting in regions 2b–3.
In Tec29 germline clones, and in Src64 mutants, G-actin
was greatly reduced or undetectable in the majority of the
analyzed egg chambers (Fig. 2B). The remaining mutant
egg chambers had mild reductions in the G-actin level. In
some cases, the number of G-actin expressing cells at the tip
of the germarium was increased, while the level of
expression remained significantly lower than in wild type
(Fig. 2D). This expanded region contained 2–3 times more
cells with G-actin accumulation than in wild type. Clusters
of small bright dots of G-actin accumulation in cystocytes
were detected more posteriorly. Apparently, loss of Src64
leads to retarded cyst development. In contrast to the
alterations in both F-actin and G-actin distribution, Western
blots showed that the total amount of actin protein in Src64
and Tec29 mutant ovaries was similar to wild type (data not
shown). Taken together, these observations suggest that
Src64 is required at multiple stages in oogenesis for
reorganization of the actin cytoskeleton.
Src64 and Tec29 are required for fusome development
The fusome plays an essential role in synchronizing
cystocyte division and ensures four rounds of cystoblast
divisions (Deng and Lin, 1997). In wild type germaria, the
fusome is a branched intercellular structure that connects the
cells of a germline cyst (Fig. 3A). We found that germaria
mutant for Src64 or carrying Tec29 mutant germline clones
contain abnormal, broken, or disintegrated fusomes (Figs.
3B, C). Remarkably, in these mutants, two fusome proteins,
fusomal Hts (Figs. 3B, C, arrowheads) and alpha spectrin
(data not shown), are ectopically found on ring canals as late
as region 3 but are not seen as part of the fusome at these
stages (compare magnified inserts in Figs. 3B, C to A).
During normal cystocyte divisions, fusomal material ini-
tially forms a plug within the new ring canal. Later, as the
division is completed, this plug becomes a part of the
growing fusome (de Cuevas and Spradling, 1998). Our data
suggest that the disassembly of this plug and recruitment of
its material into the fusome are defective in Src64 and Tec29
mutants. As a result, some Hts and alpha spectrin remain
associated with the ring canal.Fusomal defects appear to be fully penetrant and were
observed in all analyzed Src64 and Tec29 mutant ovaries.
Defects seen at later stages of oogenesis were less penetrant,
suggesting that some early abnormalities were reversible.
During ring canal expansion, Src64, possibly acting
through Tec29, regulates the phosphorylation of the actin
bundling protein Kelch (Kelso et al., 2002). To determine
whether similar interactions might occur during fusome
development, we examined kelch (kel) mutants and found
that kel-mutant ovarioles showed fragmented fusomes,
similar to those in Src64- or Tec29-mutant ovarioles
(Fig. 3D).
Phalloidin staining revealed an unusual F-actin distribu-
tion in Src64-mutant germaria. In wild type germaria, we
saw F-actin in spectrosomes but not in fusomes (Fig. 3E,
arrowheads and arrow; see similar results in Rodesch et al.,
1997). Using the same fixation and staining conditions for
Src64, Tec29, or kel mutants, we saw F-actin not only in
spectrosomes, but also in branched structures that appeared
to be fusomes by their shape and cellular localization (Fig.
3F, arrowheads and arrow). Double-labeling experiments
confirmed that this F-actin colocalizes with fusomal
proteins Hts and alpha-Spectrin (Fig. 3F***, and data not
shown).
F-actin may not be completely absent from wild type
fusomes. Inclusion of phalloidin in the fixation buffer, a
procedure that stabilizes F-actin, allowed Frydman and
Spradling (2001) to visualize F-actin on wild type fusomes.
The mutant fusomes we examined are clearly different; they
retain F-actin even under our mild fixation conditions.
Taken together, the results in this section suggest that
Src64, Tec29, and Kelch act together not only in the ring
canals, but also more broadly during remodeling of the
actin cytoskeleton, including formation of the fusome.
Changes in actin filament crosslinking may be important for
fusome formation and the localization of fusome-specific
proteins.
Septin localization depends on Src64
A properly formed F-actin skeleton is required for
assembly/attachment and function of many other protein
complexes. Mammalian septins were shown to colocalize
with F-actin bundles in interphase and localize to cleavage
furrows during cytokinesis (reviewed in Trimble, 1999).
Septins, a family of GTPases, found almost universally from
yeast to human, are involved in several processes occurring
at the cell cortex or requiring highly localized spatial
organization. In yeast, they have been implicated in
cytokinesis, polarity establishment, and cell cycle check-
points (reviewed in Gladfelter et al., 2001). In mammalian
cells, they are involved in both cytokinesis and exocytosis
(reviewed in Trimble, 1999). Three Drosophila septins,
Peanut, Septin1, and Septin2, form a complex at the
cleavage furrow during cytokinesis (Adam et al., 2000;
Neufeld and Rubin, 1994). One of these genes, peanut, has
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for cytokinesis in imaginal disks (Neufeld and Rubin, 1994).
However, Drosophila germline cells appear to be able to
divide in the absence of Peanut (Adam et al., 2000). We
looked at the expression pattern of all three Drosophila
septins. In region 1 and 2a of wild type germaria, Peanut
localizes to cell membranes of the germline cells (Fig. 4A,
and Adam et al., 2000). From region 2b onward, Peanut is
reduced on germline cell membranes, though it continues to
be membrane localized in the enveloping somatic follicle
cells. In Src64 mutants as well as Tec29 germline clones, the
membrane localization of Peanut was disrupted (Fig. 4B and
data not shown). In most, if not all, germline cells, Peanut
membrane localization was fuzzier than in wild type. The
most obvious result, however, was that in a few cells in the
expanded region 2a, Peanut was present diffusely through-
out the cytoplasm. The defects appear to be in intracellular
localization, not in the overall amount of Peanut protein; a
Western blot showed no difference in Peanut levels between
wild type and either Src64 or Tec29 mutants (data not
shown).
We also examined the distribution of two other Droso-
phila septins, Septin1 and Septin2. In wild type ovaries,
both accumulated on the membranes in dividing germline
cells (Figs. 4C, E). In Src64 or Tec29 mutants, the
membrane localization was again fuzzier than in wild type
(Figs. 4D, F). As for Peanut, there were again a few cells
that showed a uniform diffuse distribution of either Septin1
or Septin2. For both Septin1 and Septin2, some mutant
germaria showed very little septin accumulation (data not
shown).
Transport into the oocyte
The occasional mislocalization of oocytes in Src64,
Tec29, and kel mutant egg chambers suggested defects in
oocyte determination. Transport along microtubules plays a
central role in this process (Koch and Spitzer, 1983;
Theurkauf et al., 1993). Polarized microtubules serve as
tracks to move proteins and RNAs through ring canals into
the future oocyte. Some of the microtubule cargos, such as
the RNA binding protein Orb, are essential for oocyte
determination and cyst formation (Lantz et al., 1994). To
investigate whether oocyte determination is affected in
Src64, Tec29, and kel mutant ovaries, we used Orb as an
oocyte marker and a reporter for microtubule-dependent
transport. While oocyte mislocalization itself occurs rela-
tively rarely in the mutants that we tested (not more than 5%
of the oocytes were misplaced), we found another more
dramatic and penetrant phenotype. In wild type egg
chambers, Orb is efficiently transported to the oocyte and
becomes tightly localized to the posterior pole of oocytes
that have left the germarium (Fig. 6A). However, in Src64
mutants, some of the Orb protein remained in nurse cells
and was often found in cytoplasmic aggregates (Fig. 6B).
Orb that reached the oocyte did not cluster tightly at theposterior pole. Tec29 germline clones and kel mutants also
showed incomplete Orb transport and abnormal distribution
of Orb in the oocyte (Figs. 6C, D). These data suggest
inefficient transport from the nurse cells to the oocyte,
implicating the microtubule network or transport along it as
defective.
Src64 participates in chromatin condensation during
karyosome formation
We found that a high level of presumably monomeric
actin (G-actin) was present in the oocyte nucleus starting at
regions 2b–3 (Fig. 2A) and continuing until stages 8–9.
The identification of G-actin in the oocyte nucleus is
consistent with evidence that nuclear actin is predominantly
G-actin or present as short oligomers (Bettinger et al., 2004;
Olave et al., 2002). The report that a G-actin-specific
antibody stains the nucleus in mammalian cell lines also
supports this suggestion (Gonsior et al., 1999).
In Src64 and Tec29 mutants, we found a reduction of G-
actin accumulation in the oocyte nucleus at early stages and
its persistence at later than normal stages (Figs. 2B, D and
data not shown). Some mutant egg chambers completely
failed to accumulate G-actin in the oocyte nucleus (Fig. 2C).
To analyze possible actin function in the oocyte nucleus, we
examined the formation of the karyosome. In wild type egg
chambers, the oocyte nucleus becomes visually different
from neighboring nurse cell nuclei during stages 3–4 (Fig.
2A**). Oocyte chromosomal filaments begin to condense
and form a compact spherical structure called the karyosome
(reviewed by King, 1970). We found that, in Src64 and
Tec29 mutants, karyosome formation was often, if not
always, late, and sometimes the karyosome was not compact
and spherical, indicating defects in chromatin condensation
(Figs. 2B, C, D). To see whether actin remodeling can affect
karyosome organization, we also tested kelch, spire, and
chickadee (profilin) mutations that are known to cause
multiple defects in the actin cytoskeleton during oogenesis
(reviewed in Hudson and Cooley, 2002). All three showed
phenotypes similar to Src64 and Tec29: delays in karyo-
some formation as well as defects in its morphology and
abnormal accumulation of G-actin. At early stages, oocyte
nuclei remained large and were often indistinguishable from
nurse cell nuclei (Fig. 2(2) E). When condensation occurred,
the karyosome was often thread-like and/or fragmented
rather than spherical (Figs. 2F, G). Penetrance and severity
of the mutants varied. In chic11 mutants, egg chamber
development stops after stages 6–7 without karyosome
formation and little or no G-actin accumulation to the
oocyte nuclei. For chic01320, about one third of karyosomes
were abnormal. The other mutants had fewer karyosomal
defects: 25–30% for spir, 20–25% for Src64 and Tec29,
and 10–15% for kel . The karyosome defects were
correlated with reduced and retarded nuclear G-actin
accumulation. In addition to the reduction in oocyte G-actin
staining that was common to all the tested mutants, some
Fig. 2. Src64 and Tec29 affect G-actin distribution and are involved in karyosome condensation. (A–D) Expression pattern recognized by anti-actin
monoclonal antibody C4 (green). (A) In wild type during early oogenesis, C4 appears to recognize G-actin (see text for details) and strongly accumulates in
germarial regions 1–2a and at later times in oocyte nuclei (arrowhead). (AV–AVVV) Magnified tip of the germarium from panel (A). (A*–A***) Magnified
oocyte nucleus indicated by an arrow in panel (A): G-actin overlaps with the compact spherical karyosome. (B, BV–BVVV) Tec29 germline clones show reduced
G-actin accumulation in regions 1–2a. (B, B*–B***) Reduced accumulation of G-actin in Tec29 GLC correlates with abnormal karyosome formation
(arrowheads). (C, CV–CVVV; D, DV–DVVV) In Src64 mutant ovaries, anti-actin immunostaining was often reduced in intensity and occasionally occupied an
expanded region at the tip of the germarium. (C*–C***, D*–D**) Magnified images from panels (C) and (D) show a reduction of G-actin and delayed or
abnormal karyosome morphology (arrowheads). (E–G) chickadee, spire, and kelch are involved in karyosome condensation. Mutations in chic, spir, and kel
cause a range of karyosomal defects that is similar to Src64 and Tec29. The panels were chosen from different mutants but represent phenotypes common to all
types of mutant ovarioles. (E) In chic mutants, G-actin immunostaining was often reduced in regions 1–2a. At later stages, oocyte nuclei barely accumulated
actin and often were distinguishable from nurse cell nuclei only by their four adjacent ring canals (arrowheads). (F) Some spir mutant egg chambers
demonstrated severe defects in karyosome morphology that were accompanied by abnormal G-actin staining (arrowheads on F*–F**). (G) kel-mutant
ovarioles have a similar range of karyosomal defects as the other four mutants (upper egg chamber in G*, G**) but sometimes (lower egg chamber) show an
accumulation of G-actin in nurse cell nuclei (asterisks).
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accumulating in the nurse cell nuclei (Fig. 2G). Although
we did not detect G-actin accumulation in wild type nurse
cell nuclei and observed only faint staining in the other
studied mutants, the kel results suggest that actin may play a
role in nurse cell nuclei, perhaps in chromatin condensation
as the nurse cells become polyploid. In summary, mutations
in all five of these genes show similar effects on karyosome
condensation, although they affect actin polymerization and
crosslinking differently. The data suggest a new role for
actin in Drosophila oogenesis: participation in chromatin
reorganization during karyosome formation.
During mitosis, chromosome condensation is accompa-
nied by phosphorylation of histone H3 (Hendzel et al.,
1997). In Tetrahymena, mutation in the phosphorylation site
of histone H3 caused defects in chromosome condensation
and segregation (Wei et al., 1999). We found that H3
phosphohistone accumulates in wild type oocyte nucleibeginning in region 2b of the germarium and continuing
until stages 8–9 egg chambers (Fig. 5A and data not
shown). In these nuclei, phosphorylated H3 coincided with
the DNA. In contrast, in Src64 and Tec29 mutants,
accumulation of H3 phosphohistone was reduced and/or
delayed and was not evenly distributed throughout the
oocyte chromatin (Figs. 5B–E). The fact that defects in
karyosome morphology were accompanied by aberrations in
actin and phosH3 accumulation suggests a link between
these processes.
Another group of mutants, the spindle class genes, also
show karyosome abnormalities (Gonzalez-Reyes et al.,
1997). The products of several of these genes are required
for DNA double-strand break repair. In spindle class
mutants, failure to repair recombination-induced breaks
activates a meiotic checkpoint, leading to defects in
karyosome formation (Ghabrial and Schupbach, 1999). This
phenotype is suppressed by mutations in either mei-W68
Fig. 3. Mutations in Src64, Tec29, and kel disrupt fusome development. (A–D) Immunostaining with antibody to the fusomal isoform of Hts. (A) In wild type,
spherical spectrosomes, precursors of the fusome, are localized at the anterior tip of the germarium. During cystocyte divisions, the fusome becomes a branched
structure. Note that Hts is still detectable in the fusome in region 3, as a curved structure that connects cells through the ring canals (highlighted and magnified).
(B) Tec29, (C) Src64, and (D) kel mutants have abnormal fusome development. In contrast to wild type, we usually could not detect Hts in the fusome in region
3. Instead, Hts staining was occasionally seen in ring canals (highlighted and magnified). (E–F) Labeling of wild type and Src64 mutant ovaries with
rhodamine phalloidin to identify F-actin in addition to Hts. (E) In wild type germaria, the spherical spectrosomes contain actin filaments (arrowheads). F-actin
is not detectable in the fusome (arrow, magnified in panels E*–E***). (F) In Src64 mutants, F-actin is present in spectrosomes (arrowheads) and in the fusome,
where it overlaps with Hts (arrow). Higher magnification shows that actin is more diffusely localized than Hts (F*–F***).
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mei-41 (checkpoint protein that monitors DNA breaks). We
tested whether the Src64 karyosome phenotype was caused
by failure of DNA repair and activation of the mei-41
checkpoint. However, neither mei-41 nor mei-W68 muta-
tions were able to suppress the Src64 mutant phenotype
(Figs. 6F, G). We conclude that Src64 acts independently of
the meiotic checkpoint.Discussion
Src64, Tec29, and Kelch regulate actin at several stages in
oogenesis
Changes in the actin cytoskeleton have been seen as a
major effect of Src family kinase activity beginning with
seminal studies on the ability of the constitutively active v-
Fig. 4. Mutations in Src64 disrupt septin localization. (A) In wild type germaria, Peanut is expressed in cortical regions and ring canals. (B) In Src64-mutant
germaria, Peanut was not as tightly localized to the cortex, and in some germline cells, strong cytoplasmic staining was present. (C) Septin 1 was present in
regions 1–2a in wild type germaria. (D) In Src64 mutants, Septin 1 expression extends more posteriorly, and a few cells express it strongly in the cytoplasm.
(E) In wild type germaria, strong Septin 2 expression is also limited to regions 1–2a. (F) In Src64 mutants, Septin 2 is not so strongly expressed in the anterior
cells. Again, some cells strongly express cytoplasmic Septin 2.
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al., 2002). Increases in SFK activity lead to disorganization
or dissolution of actin fibers and bundles. Conversely, the
loss of kinase activity leads to stabilization of the actin
cytoskeleton. One way that SFKs influence cytoskeletal
organization is to phosphorylate proteins that crosslink or
bundle actin filaments, thereby releasing the crosslink and
allowing the filaments to separate or slip past each other
(Frame et al., 2002). During ring canal growth, Kelch
appears to be an Src64-regulated actin crosslinker (Kelso et
al., 2002). Because Src64 and Tec29 colocalize on ring
canals and both are required for ring canal phosphotyrosine
deposition (Guarnieri et al., 1998; Roulier et al., 1998),
Kelch phosphorylation may result from a Src64–Tec29–
Kelch phosphorylation cascade rather than a direct phos-
phorylation of Kelch by Src64.Our results suggest that these three proteins may work
together at several stages in oogenesis. Although the Src64
and Tec29 tyrosine kinases are likely to be involved in a
variety of signaling pathways in addition to their affects on
actin organization (Cooper et al., 1996; Schnorr et al., 2001;
Tateno et al., 2000), the only known role for Kelch depends
on its ability to crosslink or bundle actin filaments (Kelso et
al., 2002). Since mutations in these three genes caused
similar effects on ovarian development and altered the
organization of cortical actin as well as actin in the fusome
and karyosome, Src64 and Tec29 appear to collaborate
repeatedly to regulate the bundling activity of Kelch.
With the exception of cortical actin disorganization in
late egg chambers, all of the phenotypes described here
initiate in the germarium, long before ring canal defects are
evident. Kelch is not detectably associated with the ring
Fig. 5. Accumulation of phospho-histone H3 is affected in Src64 and Tec29 mutants. (A) In wild type, phospho-histone H3 is present in germarial regions 1–2a
and follicle cells during mitotic divisions and in the oocyte nucleus (arrowheads). (B–E) Src64 and Tec29 mutant germaria accumulated phospho-histone H3 at
the tip of the germarium as in wild type. However, in the oocyte nucleus, phospho-histone H3 was often detected at lower level and/or with unusual patterning
(arrowheads).
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(Robinson and Cooley, 1997). Although Src64 and Tec29
are already associated with the ring canals in region 2 of the
germarium (Roulier et al., 1998), they are not required for
ring canal growth until stage 4 egg chambers (Dodson et al.,
1998; Guarnieri et al., 1998). Thus, the new phenotypes are
unlikely to result from defective ring canals. Instead, we
believe that the roles of Src64, Tec29, and Kelch in ring
canal development are just one part of their more general
role in organizing actin networks in the ovary.
Src64-dependent actin remodeling is important for fusome
formation, septin localization, and microtubule organization
There may be multiple independent roles for Src64 and
Tec29 in the germarium or several of the mutant phenotypes
may derive from the earliest defects we see, changes in
fusome organization. There are two distinct fusome abnor-malities in Src64, Tec29, or kel mutants. First, the short
often unbranched fusomes might result from an inability to
reconnect the fusome after division. Second, the fusomes
that are present continue to be associated with actin
filaments just as the spectrosomes are. These results suggest
that the transition from the spectrosome to the fusome
requires F-actin remodeling or depolymerization. If, as
suggested by studies on the ring canals (Kelso et al., 2002),
Src64 and Tec29 are required to loosen actin filament
crosslinking, the mutant cystocytes might be unable to
disassemble the F-actin quickly enough during the spec-
trosome–fusome transition. Actin filaments would remain
associated with the fusome, compromising its disassembly
and reformation at subsequent cystocyte divisions and
causing the shortened or fragmented fusomes that we
observe. The persistence of filamentous actin at the expense
of its disassembled form might explain the reduction in G-
actin seen in Src64 mutants.
Fig. 6. Microtubule-dependent transport is affected in Src64, Tec29, and kel
mutants. Defects in karyosome formation in Src64 are independent of the
meiotic checkpoint. (A) In wild type ovaries, Orb is transported from nurse
cells and accumulates at the posterior edge of the oocyte. (B) Src64, (C)
Tec29, and (D) kel mutants Orb is inefficiently transported to the oocyte
and does not tightly localize at the posterior pole. Arrowheads indicate
mislocalized oocytes in Src64 and kel mutant egg chambers. (E) In wild
type, the karyosome is a compact DNA structure in the oocyte nucleus
(arrow). (F, G) Loss of either mei-41 or mei-W68 did not restore
karyosomal defects in Src64 mutant ovaries (arrows) (compare with
Fig. 2D**).
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ovarian tumor (otu) gene (Rodesch et al., 1997). In otu
mutant cysts, actin filaments were seen in both spectro-
somes and fusomes, and the fusomes were short and
unbranched. Although the functions of otu are still not well
understood, it affects actin organization not only in the
fusome but also in the nurse cells just before their cytoplasm
is transferred into the oocyte (Rodesch et al., 1997).
In the absence of a fusome, egg chambers fail to define
an oocyte (de Cuevas et al., 1996; Yue and Spradling, 1992).In Src64, Tec29, and kel mutants, egg chambers do usually
form differentiated oocytes, although at early stages, the
fusome is always abnormal. We conclude that the abnormal
fusomes, though appearing grossly disrupted, may retain
sufficient function for oocyte determination. Alternatively,
fusomes that are defective at early stages may be able to
recover and later perform their function. This interpretation
is consistent with the observed karyosome formation defects
in the same mutants; in most cases, we see abnormal
karyosomes at earlier stages, but later many of them seem to
condense properly.
The other early phenotype we see is the delocalization of
the septins. During normal cytokinesis, septins associate
with the actin ring that eventually constricts to separate the
daughter cells. The defects in septin localization that we
observe as egg chambers leave the germarium might be due
to effects of Src64, Tec29, and kelch on actin organization.
Mammalian septins colocalize with filamentous actin.
Kinoshita et al. (2002) observed that treatment with actin-
depolymerizing drugs led to the release of septin into the
cytoplasm. After removal of the drugs, septins rapidly
reassociated with F-actin. This observation is consistent
with our data: mutations in Src64 and Tec29 disrupt actin
remodeling and lead to release of septins from the cortex.
While there is no evidence so far that septins have a role in
germline cytokinesis, the occasional binucleate cells men-
tioned above are consistent with the role of septins in other
tissues. In other organisms, Src is required for cytokinesis.
Mammalian cells injected with anti-Src antibodies did not
divide and became binucleate (Tominaga et al., 2000).
Septin localization might also be dependent on proper
formation of the fusome. During cystocyte divisions, a
fusomal plug forms inside the contractile actin ring as
constriction halts, leaving ring canals between the cells.
Thus, the disruption of the fusome might affect septin
association with the adjacent actin ring. In addition, we see
fusomal proteins on ring canals in the mutants, suggesting
that there is at least some interaction or confusion between
the fusome and the arrested contractile ring.
The abnormal localization of Orb in Src64 mutant cysts
strongly suggests defects in microtubule organization.
Proteins like BicD, egalitarian, and orb, which are trans-
ported into the oocyte along a polarized microtubule array,
are necessary to distinguish the oocyte from the nurse cells
(Huynh and St Johnston, 2000). Formation of this polarized
microtubule array within the cyst depends on the fusome (de
Cuevas and Spradling, 1998). During the cystocyte divi-
sions, the minus ends of the microtubules associate with the
fusome and gradually move into the oocyte as the 16-cell
cyst matures. The incomplete transport of Orb into the
oocyte in Src64 mutants suggests that the microtubule array
is incompletely formed, as would be expected from the
fusome aberrations in these mutant cysts. In addition, the
mislocalization of the septins might contribute to micro-
tubule defects since both in yeast and in mammalian cells
septins have been shown to interact with microtubules as
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et al., 2003; Vega and Hsu, 2003).
Karyosome condensation: a nuclear role for actin?
One of the distinctive features of the oocyte nucleus is
the condensation of its chromatin filaments into a compact
karyosome (King, 1970). Karyosome formation represents
an extreme form of chromatin condensation but seems likely
to utilize some of the same machinery as the condensation
of heterochromatin or mitotic chromosomes. The concen-
tration of phosphorylated histone H3 in the oocyte nucleus
may be an indication of this similarity. During mitosis,
histone H3 becomes phosphorylated as the chromosomes
condense (Hendzel et al., 1997).
Defects in karyosome formation and morphology in
Src64 and Tec29 mutants also correlated with a reduction in
G-actin accumulation, raising the possibility that these
kinases regulate actin organization in the karyosome as
they do in the fusome and ring canals. Since transport of
proteins into the oocyte is abnormal in Src64, Tec29, and kel
mutants, defective condensation of the oocyte nucleus into
the compact spherical karyosome might also be a down-
stream effect of earlier events, such as fusome malforma-
tion. However, the presence of G-actin in the oocyte nucleus
during condensation and the similar effects of chickadee and
spire on the karyosome suggest that actin assembly and
crosslinking may play a role in the condensation itself. Both
chic and spir regulate actin polymerization–depolymeriza-
tion. chic encodes a homolog of profilin, a G-actin binding
protein that promotes the rapid recycling of ADP actin into
ATP actin and the elongation of actin filaments (Wolven et
al., 2000). Spir also binds G-actin and is able to induce actin
polymerization in vitro (Otto et al., 2000; Wellington et al.,
1999).
There is a growing number of reports for the presence of
actin and actin-related proteins in the nucleus, and their
functions are beginning to be understood (Bettinger et al.,
2004; Olave et al., 2002). Of relevance in the current
context, however, are recent findings that both actin and
actin-related proteins are tightly bound stoichiometric
members of several chromatin remodeling complexes
(Olave et al., 2002; Shen et al., 2003). Our results would
be consistent with the loss of Src64 or Tec29 stabilizing F-
actin, thereby changing the equilibrium between free and
polymerized actin and reducing the accumulation of G-actin
in the oocyte nucleus. This reduction might then slow or
prevent normal karyosome condensation.Materials and methods
Fly strains and genetics
Canton S and w1118 were used as standard strains.
Src64BD17 , Src64BD19 , Src64BPI , Tec29k00206 , andTec29k05610 were described previously (Dodson et al.,
1998; Roulier et al., 1998). chic01320, chic11, kelDE1, spir1,
mei-W681, and Src64BKG00213 (weak, viable Src64B allele)
were obtained from the Bloomington Drosophila stock
center. mei-41D3 was a gift from T. Schupbach. Standard
conditions were used for raising flies. Crosses were
performed at 25- except as described in the text.
The Src64 alleles could be arranged according to the
frequency of observed defects: Src64BD17 > Src64BPI >
Src64BD19 > Src64BKG00213. For each of the Src64 experi-
ments, we analyzed ovarioles from flies homozygous for
Src64BD17, Src64BPI, and Src64BKG00213. In addition the
heteroallelic combinations, Src64BD17 /Src64BPI and
Src64BD17/Src64BKG00213 were included in the phenotypic
analysis (DAPI + rhodamine-conjugated phalloidin) and
fusome analysis (fusomal Hts staining) experiments, and
Src64BD17/Src64BPI was included in the G-actin (C4 anti-
body) experiments. Src64BD19 was only included in the
phenotypic analysis.
The frequency of observed ovarian defects depended on
temperature. While at 18-, each of the Src64 alleles caused
most ovarioles to have at least one defective egg chamber
(either fused, apoptotic, with oocyte mislocalization, etc.), at
25- the percentage of defective egg chambers was 2–3 times
lower. To avoid the accumulation of modifiers, homozygous
mutant Src64 flies were freshly selected for each experiment
from heterozygous balanced stocks. For more details, see
Supplementary information in the Appendix A.
Homozygous Tec29-mutant germline clones were pro-
duced by using the dominant-female-sterile, FLP/FRT
technique (Chou and Perrimon, 1992). Females of genotype
w hsFLP; Tec29* RT40A/CyO were mated with males of
genotype ovoD1 FRT40A/CyO to generate germline clones.
Their progeny were heat shocked as third instar larvae or
early pupae for 2 h at 37-C for two consecutive days to
induce FLP expression. Only ovarioles that gave rise to late
stage egg chambers and produced eggs were analyzed. To
avoid mosaic ovarioles, females were usually examined
several days after eclosion. We did not detect a difference
between the two Tec29 alleles.
Src64 germline clones were made by mating w hsFLP;
Src64PI or D17FRT79A/TM3,Sb females with males of
genotype ovoD1 FRT79A/CyO. Egg chambers in these
Src64 germline clones had similar defects as in homozygous
Src64-mutant flies, although the frequency of fused egg
chambers appeared to be slightly higher.
To look for genetic interactions between Tec29 and
Src64, we examined combinations of either Tec29 allele
with any of the three strong Src64B alleles, D17, D19, or PI.
Several Tec29*/CyO; Src64*/TM3,Sb lines were generated.
We examined flies homozygous for Src64 and heterozygous
for Tec29: Tec29*/CyO; Src64* selected from the doubly
heterozygous lines or Tec29*/+; Src64* hmz obtained from
the cross with Src64*/TM3,Sb. These females were sterile,
laid very few small eggs, and had a high percentage of
ovarian defects as described in this paper.
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For immunostaining and Western blots, the following
antibodies were used: mouse monoclonal anti-Orb (Devel-
opmental Studies Hybridoma Bank, DSHB), mouse mono-
clonal anti-Hts (DSHB), mouse monoclonal anti-actin, clone
C4 (ICN), rabbit polyclonal anti-phosphohistone H3
(Upstate Biotechnology), mouse monoclonal anti-Peanut
(DSHB), and rabbit polyclonal anti-Septin1 and anti-
Septin2 (a gift from J. Pringle). Experimental procedures
were as described in Doronkin et al. (2002).Acknowledgments
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